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Social insects typically discriminate nestmates from non-nestmates using colony-specific
blends of cuticular hydrocarbons, which may be considered as a chemical label.
Within a species, the cuticular profile shows approximately the same qualitative set
of compounds, although these differ quantitatively among colonies. Thus, the relative
proportions of particular hydrocarbons may be higher in individuals of one colony
compared to those of another (conspecific) colony. Social insects must perceive these
differences in ratios in order to efficiently recognize non-nestmates. However, little is
known about the underlying perceptual mechanisms. Here we investigated whether
ants can discriminate between different doses of individual linear or methyl-branched
hydrocarbons. We used the ant Camponotus aethiops as our study organism and
differential conditioning of the maxilla-labium extension response as the experimental
procedure, to test olfactory discrimination between two concentrations of the same
compound (one rewarded and the other punished), using large (wide range, 1:100)
and small differences (narrow range, 1:10) in hydrocarbon concentrations. Ants
discriminated well between wide-range concentrations of the same compound, but
showed asymmetric generalization between narrow-range concentrations. These results
indicate that a certain differential in hydrocarbon concentration is essential for efficient
discrimination.
Keywords: ants, Camponotus, learning, odor salience, recognition label/template
INTRODUCTION
The ability to distinguish group members from strangers is a key feature of social life (Hamilton,
1987). In many species, chemicals are used as recognition cues/signals in various contexts, and
constitute part of the body odor and/or are emitted by specific glands. Examples range from
insects and other invertebrates (d’Ettorre and Moore, 2008; Aquiloni and Tricarico, 2015) to
birds (Bonadonna and Sanz-Aguilar, 2012), reptiles (Mason and Parker, 2010; Heathcote et al.,
2014) and mammals, including humans (reviewed in Wyatt, 2014). Social insects discriminate
nestmates from non-nestmates on the basis of both qualitative and quantitative differences in
their cuticular chemical profiles, which are primarily composed of long-chain hydrocarbons
(Hefetz, 2007; Bagnères and Lorenzi, 2010; van Zweden and d’Ettorre, 2010; Esponda and Gordon,
2015). Cuticular profiles are complex mixtures of different hydrocarbon classes, including linear
alkanes, methyl-branched alkanes, and alkenes, and may contain more than 100 compounds
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(Blomquist, 2010). Social parasites exploit the recognition code of
their hosts by acquiring or mimicking the host-specific cuticular
hydrocarbon profile (Bagneres et al., 1996; Lenoir et al., 2001;
Lorenzi, 2006; Nash and Boomsma, 2008), further supporting the
substantial body of evidence that recognition signals are encoded
in the cuticular lipid profile, particularly in social wasps (Lorenzi
et al., 1997; Dani et al., 2001) and ants (Martin and Drijfhout,
2009; d’Ettorre and Lenoir, 2010). However, it remains unclear
how the information about social identity is encoded in these
hydrocarbon mixtures, and how the information is detected and
processed by the receiving individual.
Previous studies using binary mixtures of floral odors suggest
that in some cases ants do not perceive all blend components
within a mixture. The mixture would thus be perceptually
reduced to a few key components, without the need to take
into account the entire suite of components constituting the
olfactory stimulus. Determination of specific odorants as key
components would rely on the chemical characteristic of the
odorant molecule, such as the functional group and the carbon
chain length (Bos et al., 2012, 2013; Perez et al., 2015). In the case
of hydrocarbons, the available data suggest that some classes of
hydrocarbons are more informative than others for recognition
of identity. In particular, methyl-branched alkanes and alkenes
may provide more information than linear alkanes as recognition
cues/signals (e.g., wasps, Dani et al., 2001; ants, Martin et al.,
2008; Guerrieri et al., 2009), although this may not apply to all
species that have been investigated. In the ant Formica japonica,
both alkenes and linear alkanes are necessary for recognition
(Akino et al., 2004) whereas in the Argentine ant Linepithema
humile, experimental alteration of the relative ratio of the linear
alkanes only elicited a behavioral effect when methyl-branched
alkanes and alkenes were also present (Greene and Gordon,
2007). Therefore, at least in some cases, linear alkanes may play
a role in recognition, perhaps more specifically for caste and
social status (Wagner et al., 1998; Greene and Gordon, 2003;
Hefetz, 2007; Liebig, 2010; van Oystaeyen et al., 2014), although
linear and methyl-branched alkanes and also alkenes may act as
fertility signals or queen pheromones (Holman et al., 2010; van
Oystaeyen et al., 2014; Smith et al., 2015).
Individual carpenter ants Camponotus aethiops learned to
associate both linear andmethyl-branched alkanes with a sucrose
reward (Bos et al., 2012), showing that they are able to detect and
discriminate among these types of compounds. Conversely, in
some cases, ants generalize and thus show perceptual similarity,
i.e., they respond similarly to homologs. For example, Argentine
ants distinguish between methyl-branched hydrocarbons of the
same chain length but differing in the position of the methyl
branch (e.g., 17-MeC37 and 15-MeC37), although these ants
generalize between hydrocarbons having the samemethyl branch
position and differing in chain length by two carbon atoms
(e.g., 17-MeC37 and 17-MeC35, van Wilgenburg et al., 2012).
Generalization can be rationalized on the basis that hydrocarbon
perception might follow an “inclusion criterion” (Guerrieri et al.,
2009; Bos et al., 2012). That is, in conditioning experiments,
if a novel compound presented during the memory tests (in
absence of reinforcement) is similar in structure to that presented
as the conditioned stimulus but has a shorter carbon chain,
this compound may be perceived as similar to the conditioned
stimulus. For linear alkanes, generalization is observed when the
novel hydrocarbon (e.g., C20) is shorter than the conditioned one
(e.g., C22, Bos et al., 2012), possibly because it can be “included”
in the same receptor site as the conditioned compound, or
coded in a similar way at higher levels of information processing
(e.g., in the antennal lobes). This inclusion criterion would
also explain why series of homologs, which are regularly found
on the cuticle of ants (Martin and Drijfhout, 2009), might be
perceived as similar and trigger comparable levels of aggression
(e.g., in Argentine ants, van Wilgenburg et al., 2010). However,
when the difference in chain length between the two stimuli is
sufficiently large (for example n-C28/n-C20), C. aethiops ants do
not generalize (Bos et al., 2012).
Many experiments aiming to identify the role of hydrocarbons
as recognition signals have been performed by supplementing
the insect chemical profile with synthetic hydrocarbons. Indeed,
in the context of nestmate recognition, it appears that it is
the presence, and not the absence of a particular hydrocarbon
on the cuticle that triggers aggression. Thus, carpenter ants
supplemented with an extra hydrocarbon via their food are
treated aggressively by their nestmates, which lack this particular
hydrocarbon on the cuticle. However, the opposite is not true:
ants that differ from the discriminators only by the absence of
a given hydrocarbon on the cuticle are not treated aggressively
(Guerrieri et al., 2009). These results prompted the idea of a
new model for nestmate recognition, the Undesirable-present
(U-present) model (reviewed in van Zweden and d’Ettorre,
2010; see also Esponda and Gordon, 2015). The template-label
matching model is the classical model for nestmate recognition
(Lenoir et al., 1999; Starks, 2004). It is based on a stimulus
identification/generalization task, consisting of the evaluation of
a stimulus-similarity (i.e., how much an individual’s own colony
odor matches the opponent’s odor). According to Sherman et al.
(1997), matching is achieved by evaluating the presence of
desirable cues (D-present) or the absence of undesirable cues (U-
absent). In contrast, the U-present model is based on a more
parsimonious assumption, and does not require a point-by-
point matching: only extra, but not missing, components elicit
aggression. The U-present model is also compatible with the
hypothesis of a “pre-filter mechanism” for nestmate recognition
(Ozaki and Hefetz, 2014) and with the “distributed nestmate
recognition model” (Esponda and Gordon, 2015). The study
by Guerrieri et al. (2009) only tested the effects of adding
extra hydrocarbons that are not naturally present on the cuticle
of the test species. This explains how recognition could be
effective among different species, which typically have a number
of different compounds on their cuticle. However, for the U-
present model to work between colonies of the same species and
thus explain discrimination between nestmates and conspecific
non-nestmates (which usually show quantitative rather than
qualitative differences in their cuticular profiles), ants should
be able to detect differences in the relative concentrations of
compounds, and/or between different signal intensities of the
same compound. In this way, an individual ant could detect and
perceive those compounds that are present in higher abundance
on a stranger’s cuticle compared to its own. The ant will thus
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treat each of these relatively high concentration compounds as
an “undesirable stimulus.”
Social insects learn their colony odor, i.e., colony-specific
combinations of hydrocarbons at specific relative concentrations,
and exhibit behavioral outputs as a response to perception of
these blends (e.g., Guerrieri and d’Ettorre, 2008). Ants, for
instance, have been shown to exhibit conditioned responses to
hydrocarbons and floral odors (e.g., Guerrieri et al., 2009; Bos
et al., 2010, 2012; Perez et al., 2015). Conditioning paradigms
are robust and reliable means for studying learning and memory
in invertebrates (Giurfa and Sandoz, 2012) and differential
conditioning of proboscis extension reflex (PER) in honeybee
workers was already used to evaluate chemical cues potentially
involved in kin recognition in this species (Getz et al., 1988).
However, the ability of social insects to learn and discriminate
among different concentrations of hydrocarbons within a blend
has rarely been tested, although these insects discriminate
quantitative differences in hydrocarbon blends overall (Dani
et al., 2001; Lorenzi et al., 2004; Guerrieri et al., 2009). Here,
we tested whether Camponotus aethiops ants can learn different
concentrations of hydrocarbons that are typically present on the
cuticle and discriminate between them.
The relatively recent development of an associative learning
paradigm for harnessed ants, involving the conditioning of
the maxilla-labium extension response (MaLER, Guerrieri and
d’Ettorre, 2010), which is similar to the proboscis extension
response (PER) in honey bees (for review see: Giurfa, 2007;
Sandoz, 2011), allows olfactory conditioning of ants under
fully controlled laboratory conditions. The binary response
(MaLER: YES/NO) is simple and unambiguous and ants show
excellent learning performances (Guerrieri and d’Ettorre, 2010;
Guerrieri et al., 2011; Bos et al., 2013; Perez et al., 2013,
2015). Here, we used the MaLER paradigm to test whether
ants were able to discriminate between different concentrations
of the same hydrocarbon (linear and branched alkanes) in
a differential conditioning paradigm. We used two different
concentration ranges of each hydrocarbon: a “wide range” in
which the low concentration was a 100 times smaller than
the high concentration, and a “narrow range,” in which the
low concentration was 10 times smaller, although the low
concentration was the same (10 ng/ml) in the two different
ranges. These concentrations are above the detection threshold,
and within the range of concentration variation between ant
colonies (van Zweden et al., 2009; Ichinose and Lenoir, 2010).
MATERIALS AND METHODS
Study Organism
Eight queenright colonies of the ant Camponotus aethiops
(Latr.) were collected near Toulouse, France, in 2012 and 2013
(Pompertuzat, latitude 43.5◦N, longitude 1.5◦E). Colonies (size
400–500 workers) were kept under laboratory conditions (24◦C,
60% humidity, light-dark cycle = 12:12 h) in artificial nests
consisting of two plastic boxes interconnected by a plastic hose.
One of the boxes (25.5 × 18 × 9 cm) was covered with a
lid and paved with plaster, serving as the nest area; the other
box (27.5 × 28 × 8 cm) was exposed to light and served as
a foraging arena, and its walls were coated with Fluon R© to
prevent ants from escaping. Colonies in standard conditions
received a diet consisting of agar, whole egg, honey, vitamins, and
minerals (Bhatkar and Whitcomb, 1970) and water ad libitum.
Two weeks before starting the experiments, ants were deprived
of carbohydrate, in order to increase their motivation for a sugar
reward during conditioning, but still received water and protein
(crickets).
Experimental Procedure
Handling
Medium-size worker ants were taken from the foraging arena,
chosen because they were likely to be foragers and therefore
motivated to find food. For each experimental session, we used 10
individuals from three different colonies. Ants were anesthetized
on ice and then harnessed individually in a holder consisting
of an inverted 0.2ml Eppendorf R© microcentrifuge tube, from
which the tip was cut off to create a second smaller opening. The
ant’s head was passed through the apical hole of the tube and
fixed with adhesive tape, in order to leave the mouthparts and the
antennae free to move. The harnessed ants were left undisturbed
for at least 3 h to recover from the anesthesia and habituate to the
harness.
Olfactory Stimuli
Camponotus aethiops ants have a complex cuticular profile
composed of at least 65 methyl-branched alkanes and 5 linear
alkanes in colony-specific proportions (van Zweden et al., 2009).
We tested two linear and two branched alkanes. Three
of the four hydrocarbons tested (octacosane, n-C28; 3-
methylheptacosane, 3-MeC27; 5-methylheptacosane, 5-MeC27)
are present on the cuticle of C. aethiops. In particular, 5-MeC27
has a high diagnostic power (Table 1 in van Zweden et al.,
2009) and we choose 3-MeC27 because it is a branched alkane
with the same chain length but with a different position for the
methyl group. Moreover, these hydrocarbons (both branched
and linear) are learned well in an appetitive context (Bos et al.,
2012). Docosane (n-C22) was used to test a hydrocarbon with a
relatively short chain length compared to octacosane (n-C28).
Linear alkanes (purity 99%) were obtained from Sigma-Aldrich,
France. Racemic 3-MeC27 (97% purity) was synthesized as
previously described (van Oystaeyen et al., 2014). 5-MeC27
(98% purity) was synthesized as follows. A solution of sodium
hexamethyldisilazide (2M in THF) was added dropwise to a
slurry of docosanyltriphenylphosphonium bromide (3.51 g,
5.4mmol) in dry THF at 0◦C under Ar atmosphere until the
solution just turned orange, then an additional 3.0ml (6mmol)
were added. The resulting orange slurry was warmed to room
temperature and stirred 1 h, then cooled to 0◦C again, and a
solution of 2-hexanone (0.45 g, 4.5mmol) in 5ml THF was
added dropwise. The mixture was warmed to room temperature
and stirred overnight, then quenched with water and extracted
twice with hexane. The combined hexane extracts were washed
with brine, dried over anhydrous Na2SO4, concentrated, and
purified by flash chromatography on silica gel, eluting with
hexane, yielding 1.35 g (77%) of 5-methyl-5-heptacosene. This
Frontiers in Ecology and Evolution | www.frontiersin.org 3 November 2015 | Volume 3 | Article 133
di Mauro et al. Ants Discriminate Between Hydrocarbon Concentrations
was taken up in 15ml hexane and stirred with 0.3 g of 5% Pd
on carbon under a hydrogen atmosphere for 1.5 h, at which
time GC analysis indicated that all the starting material had
been consumed. The mixture was filtered through a plug of
Celite, rinsing well with hexane, and the filtrate was concentrated
and recrystallized from 30ml acetone at 4◦. Filtration of the
cold mixture yielded 1.12 g (83%) of racemic 5-MeC27. EI mass
spectrum (70 eV) (m/z, abundance): 394 (M+, trace), 379 (5),
365 (4), 337 (35), 336 (20), 309 (5), 308 (7), 85 (100), 84 (69), 71
(57), 57 (82), and 43 (69).
Conditioning Procedure
To investigate whether ants were able to discriminate between
two different concentrations of the same compound, ants (n =
480) were subjected to olfactory differential conditioning with
two different concentration ranges of each hydrocarbon. These
concentration differentials were: a) “wide range,” in which the
high concentration was 1mg/ml of a given hydrocarbon diluted
in pentane, and the low concentration was 100 times smaller
(0.01mg/ml); b) “narrow range,” in which the high concentration
was 0.1mg/ml and the low concentration was 10 times
smaller (0.01mg/ml). The concentrations used corresponded
respectively to 30 ant equivalents (1mg/ml); 3 ant equivalents
(0.1mg/ml) and 0.3 ant equivalents (0.01mg/ml). These are well
above ants’ detection threshold (10−4 ant equivalents; Ichinose
and Lenoir, 2010) andwithin the range of concentration variation
between colonies (e.g., the average proportion of octacosane
varied > 40 times among ants from different colonies; van
Zweden et al., 2009).
To perform differential conditioning, one odor concentration,
the conditioned stimulus (CS+), was paired with the appetitive
unconditioned stimulus (US+), consisting of aqueous sucrose
solution (50% w/w), while a different concentration of the same
odor, the CS−, was punished with an aversive US− consisting of
quinine (purity 90%, Sigma-Aldrich, France) solution (1%w/w in
water). The concentration of quinine was derived from previous
conditioning experiments (Guerrieri and d’Ettorre, 2010). For
each concentration range tested, we conditioned two different
groups of ants: for one group, a given CS concentration was
associated with the US+ stimulus, and for the other group of ants
the sameCS concentrationwas associated with theUS− stimulus.
In this way we had a balanced design.
It is known that ants can detect long-chain hydrocarbons
from a short distance away (Brandstaetter et al., 2008). The
CS was presented by approaching (without touching) the ants’
antennae with the tip of a Pasteur pipette coated with the
CS dissolved in paraffin oil (Sigma-Aldrich, France), used as a
carrier for odorants in several studies on bees (e.g., Pelz et al.,
1997). Each hydrocarbon was first dissolved in pentane at the
desired concentration (see above), then 50µl of the solution were
transferred into a 2ml glass vial, the pentane was allowed to
evaporate for about 1min, and 100µl of paraffin oil was added, to
give solutions containing 0.5, 0.05, and 0.005mg/ml respectively
in paraffin oil. The tip of the Pasteur pipette was dipped in this
solution for 30 s and then left resting for at least 1min before
use. The US was presented by touching the mouthparts with
a toothpick with a drop of the solution (sucrose or quinine).
Ants typically displayed MaLER to sucrose but not to quinine.
Only individuals that spontaneously responded with MaLER to
the sugar reward before conditioning (>99%) were used for the
experiments (Guerrieri and d’Ettorre, 2010).
Differential conditioning consisted of 12 trials, during which
the ant received the same number of stimulations with the US+
and the US−: 6 CS+ trials at high (or low) concentration and
6 CS− trials at low (or high) concentration. The trials followed
a pseudo-random sequence but the conditioning procedure
always started with a CS+ trial. To observe MaLER, ants were
placed under a stereomicroscope. Each conditioning trial lasted
1min: 25 s after placing the ant under the microscope, the
CS was presented for 5 s. US presentation started 3 s after the
onset of the CS, and lasted for 5 s, thus creating an overlap
of 2 s between the CS and the US (Guerrieri and d’Ettorre,
2010; Guerrieri et al., 2011). Lastly, the ants remained 27 s
in the set-up. An air extractor was placed behind the ant
during the experiments to remove any possible residual odor
stimulation. Ten individuals were tested in series during the
same experimental session; therefore, the inter-trial interval was
10min. Only those individuals that responded to US+ at least
three times during the training phase were included in the
statistical analyses (n = 466 from a total of 476 tested ants).
Learning was scored by observing the presence or absence
of MaLER upon CS presentation, therefore resulting in a binary
response variable (yes= 1/no= 0).
Retention Test
One hour after training, the ants’ responses to the stimuli used as
CS+ and CS−were assessed in a retention test. The retention test
to the CS+/CS− lasted 1min and followed the same procedure
as the conditioning phase, but without USs delivery. Half of the
individuals were tested first with the CS+ and then with the CS−
and vice versa for the other half. After this retention test, the ant’s
motivation for the sucrose was tested again by presenting only
the US+ to the mouthparts (Guerrieri and d’Ettorre, 2010). Only
those individuals that responded with MaLER (97.9%) were used
in statistical analyses.
Both the conditioning procedures and the retention tests were
performed at 24◦C, 60% humidity. We used a freshly prepared
Pasteur pipette for each training protocol on 10 ants. We used
another freshly prepared Pasteur pipette for each retention test
performed 1 h later.
Statistical Analyses
Statistical analyses were performed with R-2.15.01 (Development
Core Team). Generalized linear mixed models (GLMM, package
lme4; Bates et al., 2011) with a binomial error structure (logit-
link) were used to analyse the acquisition data. The test ant’s
response (0/1) was used as the response variable. Conditioning
trials were used as the predictor variable (covariate) and the
conditioned stimulus (CS+ and CS−) as a fixed factor. In order
to allow repeated measurements and adjust for colony origin,
individuals and colony identity were coded as random factors.
Interaction between trials and conditioned stimulus was included
in the model to detect differences in slopes along the successive
trials for the two types of CS. Variations in the response to the
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CS+ or the CS− along trials (acquisition) were revealed with
post-hoc tests by applying the same GLMM without the factor
stimulus to the respectively reduced set of data (i.e., responses
to the CS+ or to the CS−).
Differences in the level of response between the CS+ and the
CS− at the last conditioning trial were assessed with post-hoc tests
consisting of the same GLMM without the factor “trial” applied
to the respectively reduced set of data (i.e., responses to the CS+
and CS− in the last trial). Differences in the ants’ responses to the
conditioned odor (CS+ and CS−) between the last conditioning
trial and the retention test, and differences in responses to the
CS+ and the CS− in the retention test were detected with a
McNemar’s Chi Square test.
To test whether the concentration used as CS+/CS−
influenced the learning rate of ants during the course of the
successive trials (i.e., low+/high− vs. high+/low−, with low
and high indicating the stimulus concentration and + and −
indicating whether this was rewarded or punished) we used a
GLMM with a binomial error structure (logit-link). The ants’
responses were used as the response variable and individuals
and colony of origin as random factors for the same reasons as
above. Trials were used as predictor variable (covariate), with the
conditioning stimulus (CS+ and CS−) and the concentration of
the CS as fixed factors. Interactions between trials, conditioning
stimulus, and concentration of the CS+ were included in the
model to detect differences in slopes during the trials for the
two types of CS and for the two concentrations of the same
compound. Non-significant interactions were removed from the
models and the models were then recalculated.
RESULTS
Wide Range
Generally, ants learned to discriminate well between two different
concentrations of the same hydrocarbon under the wide range
conditions (high: 0.5mg/ml; low: 0.005mg/ml).
Linear Alkanes
Successful differential conditioning using two concentrations of
the same n-alkane (either C22 or C28) is indicated by a significant
interaction between trial and CS (44.55 < χ2 < 53.35; p <
0.001 in all cases; Figures 1A,C). Moreover, in the last trial
ants discriminated both CSs well, as shown by a high level of
conditioned responses to the CS+ (approximately 85%) and a
low level of conditioned responses to the CS− (approximately
16%; 15.55 < χ2 < 25.13; p < 0.001 in all cases; Figures 1A,C).
Also, ants increased their response to the CS+ during the course
of successive trials (49.49 < χ2 < 55.86; p < 0.001 in all cases),
whereas there was either a non-significant effect of trial for the
CS− (when low+/high−: χ2 = 2.03 and χ2= 3.52; p > 0.05
in both cases) or a significant decrease in response to the CS−
(when high+/low−: χ2 = 4.04 and χ2 = 4.25; p < 0.05 in both
cases), indicating that ants learned to respond to the CS+ and not
to respond to the CS− (Figures 1A,C). One hour after training,
ants remembered the rewarded and the punished concentrations
of the same linear alkane well. For both CSs, the level of responses
remained stable in the retention test compared to that of the
FIGURE 1 | Wide range: acquisition curves and retention tests for
linear (C22, C28) and methyl alkanes (3-MeC27 and 5-MeC27) showing
the response probability to the wide concentration range expressed as
the proportion of ants extending their maxilla-labium (MaLER). In the
acquisition curves (A,C,E,G), responses to the conditioned stimulus are
shown by circles (CS+) or double triangles (CS−). Retention tests show the
proportion of ants responding to both CS+ and CS−, 1 h after training.
(A,B,E,F) low concentration rewarded, high concentration punished
(low+/high− vs. high+/low−). (C,D,G,H) high concentration rewarded, low
concentration punished (high+/low− vs. low+/high).
last conditioning trial (0 < χ2 < 2.25; p > 0.13). Moreover,
ants responded significantly more to the CS+ (approximately
84%) than to the CS− (approximately 23%) in the retention test
(11.53 < χ2 < 19.36; p < 0.001 in all cases; Figures 1B,D).
The concentration of the CS (i.e., whether the concentration
was high or low) did not influence the ants’ responses to the
conditioned stimuli. Indeed, the interaction between CS and
CS−concentration was not significant, for both C22 and C28.
The 3-way interaction: trial × CS × CS−concentration was also
non-significant.
Methyl-branched Alkanes
The results of differential conditioning with methyl-branched
alkanes over a wide range of concentrations (high: 0.5mg/ml;
low: 0.005mg/ml) were very similar to those obtained with linear
alkanes. Ants successfully learned to differentiate between two
concentrations of the same branched alkane (either 3-MeC27 or
5-MeC27) during the successive conditioning trials, as shown by
the significant interaction between trial and CS (20.95 < χ2 <
54.46; p < 0.001 in all cases; Figures 1E,G). In the last trial, ants
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showed high response levels to the CS+ (approximately 85%) and
low response levels to the CS− (approximately 17%) as shown in
Figures 1E,G (18.45 < χ2 < 24.08; p < 0.001 in all cases). Also,
ants increased their responses to CS+ during the conditioning
trials (49.83< χ2 < 54.64; p < 0.001 in all cases). By contrast, the
ants’ responses to the CS− did not change (3-MeC27: χ
2 = 0.23
and χ2 = 1.45; p > 0.05 in both cases) or decreased (5-MeC27:
χ
2 = 4.37 and χ2 = 4.41; p < 0.05 in both cases) during the
successive trials. One hour after training, ants remembered the
rewarded and the punished concentrations of the same methyl-
branched alkane. In the retention test, the level of responses to
both CSs remained stable compared to that obtained for the
last conditioning trial (0 < χ2 < 2.25; p > 0.13) and ants
responded more to the CS+ (approximately 83%) than to the
CS− (approximately 27%), as shown in Figures 1F,H (10.32 <
χ
2
< 15.06; p < 0.01 in all cases).
Similar to n-alkanes, the concentration of the CS (high or low)
did not influence the ants’ responses to the conditioned stimuli
in the case of 5-MeC27; indeed, there was a non-significant
interaction CS × CS−concentration (the 3-way interaction was
also non-significant). However, the 2-way interaction (CS ×
CS−concentration) tended toward significance in the case of
3-MeC27(χ
2= 3.23; p = 0.072), and the 3-way interaction
(trial × CS × CS−concentration) was significant (χ2 = 4.35;
p = 0.037).
Narrow Range
Overall, ants also learned to differentiate between two
concentrations of the same hydrocarbon under the narrow
range conditions (high: 0.05mg/ml; low 0.005mg/ml), but
efficient discrimination depended on which concentration (high
or low) was used as CS+ or CS−.
Linear Alkanes
For n-alkanes, ants learned to discriminate the CS+ from the
CS− during the successive conditioning trials when the CS+
was the low concentration. However, when the CS+ was the
high concentration, ants did not learn to discriminate between
the two concentrations of the same hydrocarbon, but instead
generalized. In all cases, the interaction between trial and CS
was significant (9.26 < χ2 < 23.98; p < 0.01; Figures 2A,C).
In the last trial, when low+/high−, ants showed high levels of
conditioned responses to the CS+ (approximately 61%) and low
levels of conditioned responses to the CS− (approximately 26%),
as depicted in Figure 2A ( χ2 = 5.42 and χ2 = 7.38; p < 0.05
in both cases). By contrast, when high+/low−, the levels of
conditioning response to the CS+ and to the CS− were similar
(approximately 65%), and ants did not discriminate between the
two CSs (Figure 2C; χ2 = 0 and χ2 = 0.08; p > 0.05 in both
cases).
Post-hoc tests revealed that ants learned to respond to the CS+
during the successive trials (27.37 < χ2< 37.46; p < 0.001 in all
cases). In the low+/high− case, the level of response remained
stable during the successive trials (χ2 = 0.06 and χ2 = 0.38;
p > 0.05 in both cases). However, when the ants had to solve the
high+/low− task, high levels of generalization were observable
in the first trial (approximately 41%; Figure 2C). The high level
FIGURE 2 | Narrow range: acquisition curves and retention tests for
linear (C22, C28) and methyl alkanes (3-MeC27 and 5-MeC27) showing
the response probability to the narrow concentration range expressed
as the proportion of ants extending their maxilla-labium (MaLER). In the
acquisition curves (A,C,E,G), responses to the CS are shown by circles (CS+)
or double triangles (CS−). Retention tests show the proportion of ants
responding to both CS+ and CS− 1 h after the training. (A,B,E,F) low
concentration rewarded, high concentration punished (low+/high− vs.
high+/low−); (C,D,G,H) high concentration rewarded, low concentration
punished (high+/low− vs. low+/high−).
of response to the CS− remained stable along the trials in the case
of C28 (χ
2 = 2.40; p > 0.05) but varied in the case of C22 (χ
2 =
7.80; p < 0.01), although this level remained high at the last
conditioning trial (around 65%). One hour after training, when
the task was low+/high−, ants remembered the rewarded and the
punished concentrations of the same linear alkane, as indicated
by a high (approximately 62%) and a low (approximately 35%)
level of conditioned responses in the retention test for the CS+
and the CS− respectively (χ2 = 4.08, p < 0.05 in both cases)
(Figure 2B). However, in the case of high+/low−, ants did not
discriminate the two concentrations of the same linear alkane
in the retention test (χ2 = 0 and χ2 = 0.44; p > 0.05 in
both cases, Figure 2D). The level of responses to both CSs
remained stable in the retention test compared to that of the
last conditioning trial (0 < χ2 < 0.1; p > 0.05 in all cases).
Taken together, these results show that 1 h after conditioning,
ants discriminated a narrow range of two concentrations of the
same linear alkane only in the low+/high− case (Figures 2B,D).
Indeed, the interaction between CS and concentration of CS
was significant (χ2= 7.66 and χ2 = 8.76; p < 0.01 in both
cases).
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Methyl-branched Alkanes
Differential conditioning in the narrow concentration range (0.05
vs. 0.005mg/ml) using branched alkanes showed similar results
as for linear alkanes. In all cases, the interaction between trial and
CS was significant (χ2 = 7.74 and χ2 = 31.08; p < 0.01 in both
cases; Figure 2E) and ants learned to respond to the CS+ along
the successive trials (post-hoc tests: 39.46< χ2 < 50.42; p < 0.001
in all cases). In particular, ants learned to differentiate between
the CS+ and the CS− during the successive conditioning trials
when low+/high−, as revealed by the difference in the level of
response between the CS+ and the CS− in the last conditioning
trial (CS+: approximately 69%; CS−: approximately 35%; χ2 =
5.48 and χ2 = 9.37; p < 0.05 in both cases). In the case of
low+/high−, the level of response to the CS− was constant
along successive trials (χ2 = 0.65 and χ2 = 0.04; p > 0.05
in both cases). However, this level of response was higher in
the case of 5-MeC27 (approximately 41%) than in the case
of 3-MeC27 (approximately 24%). By contrast, when presented
with high+/low−, ants did not learn to discriminate between
the two concentrations and showed similar levels of response
in the last conditioning trial (CS+: approximately 78%; CS−:
approximately 73%; χ2 = 0, 0.87; p > 0.05 in both cases). For
the task high+/low−, ants increased their responses to the CS−
during the training, as shown by the significant effect of the CS−
along the successive trials (χ2 = 15.97 and χ2 = 17.42; p < 0.001
in both cases). One hour after training, when using low+/high−,
ants remembered the rewarded and the punished concentrations
of the hydrocarbon, as indicated by a high (approximately 69%)
and a low (approximately 34%) level of conditioned responses in
the retention test respectively for the CS+ and the CS− (χ2=
9.6 and χ2 = 6.75; p < 0.01 in both cases; Figure 2F). However,
if the task was high+/low−, ants did not discriminate (CS+:
approximately 78%; CS−: approximately 71%; χ2 = 0, 0.36; p >
0.05 in both cases; Figure 2G). The level of responses to both
CSs remained stable in the retention test compared to that of the
last conditioning trial (0 < χ2 < 0.25; p > 0.05 all cases), and
there was a high level of generalization between CSs in retention
tests (χ2 = 0, 0.36; p > 0.05 in both cases, Figure 2H). The
concentration used as CS (high or low) significantly influenced
the ants’ responses to the CSs in the case of 3-MeC27 (interaction
CS × concentration of CS: χ2 = 11.50; p < 0.001), but this
interaction was not significant in the case of 5-MeC27. The 3-way
interaction (trial×CS× concentration of CS) was not significant
in both cases. Taken together, these results indicate that ants were
able to discriminate two concentrations of the same branched
alkane in the narrow range only when the task was low+/high−.
DISCUSSION
Our results demonstrate that ants can learn and discriminate
between different concentrations of long-chain hydrocarbons,
the chemical compounds that constitute the majority of their
cuticular lipids, and confirm that ants can perceive hydrocarbons
through olfaction, i.e., without any contact between the stimulus
and the antenna. These findings should help to elucidate the
mechanisms at the basis of nestmate recognition in ants and other
social insects based on the following arguments.
During the last couple of decades there has been considerable
progress in understanding both the production of cuticular
components, and the behavioral responses that they mediate in
the context of nestmate recognition mechanisms in social insects
(Starks, 2004; Blomquist and Bagnères, 2010). However, the third
key component—the perception component—remains relatively
unexplored. The nestmate recognition template could be at the
periphery, where odorant molecules are detected by specific
antennal sensilla (Ozaki et al., 2005). Here, odorant binding
proteins can selectively bind specific odorants and transport
them to the olfactory receptors. The receptors then transmit
signals to the antennal lobes (AL), the first integration relay of the
central nervous system (Hildebrand and Shepherd, 1997). Thus,
the template-label matching could also occur at the level of the
ALs (Leonhardt et al., 2007; Guerrieri et al., 2009; Stroeymeyt
et al., 2010; Bos and d’Ettorre, 2012; Ozaki and Hefetz, 2014),
where signals from olfactory receptors elicit specific patterns
of glomerular activity (Galizia and Szyszka, 2008). As a final
alternative, the template could be stored in higher brain centers
(e.g., the mushroom bodies), using long-term memory to match
the new recognition signal with the colony template. To our
knowledge, it remains unclear as to which one or which set of
these alternatives may be correct.
Specifically, it remains unclear how the information about
colony identity is encoded in the cuticular hydrocarbon profile
(Martin and Drijfhout, 2009; van Zweden and d’Ettorre, 2010),
and how this information is perceived and processed by the
insect nervous system (Bos and d’Ettorre, 2012; d’Ettorre, 2013;
Ozaki and Hefetz, 2014). Particularly within a species, differences
in the cuticular chemical profile are usually quantitative rather
than qualitative, with non-nestmate conspecifics having the same
compounds present in their profiles, but in different relative
proportions (review in d’Ettorre and Lenoir, 2010). It has been
hypothesized that social insects form a neural template based
on the relative proportions of hydrocarbons characterizing their
colony odor, and use this template in the nestmate recognition
process. The relative proportions of hydrocarbons detected
reflect the different concentrations of the hydrocarbons in the
overall cuticular chemical profile. The ability of social insects to
form a recognition template based on the relative concentrations
of various hydrocarbons, and to discriminate between different
proportions, was indirectly tested in several studies (reviewed in
van Zweden and d’Ettorre, 2010). For instance, when nests, nest
wax, or nest soil were swapped between conspecific colonies, the
insects typically modified their colony label/template following
the colony odor swap and became generally more tolerant toward
individuals from the alien colony (i.e., the donor of colony
odor) (d’Ettorre et al., 2006; Couvillon et al., 2007; Lorenzi
et al., 2011; Costanzi et al., 2013). This suggests that their
template included information about hydrocarbon proportions.
In C. aethiops ants, nest soil indirectly transfers hydrocarbons
between ants, with consequences on recognition behavior. In
particular, non-nestmates exposed to soil from a conspecific
colony received significantly less aggression from ants belonging
to the colony supplying the soil (i.e., nest soil contributes to the
colony odor label; Bos et al., 2011) than did sham-treated non-
nestmates. The present study helps clarifying to what extent ants
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detect and perceive information about cuticular hydrocarbon
proportions.
Notwithstanding the fact that ants generally learned well
in our conditioning experiments, we observed significant
differences in ants’ discriminating abilities depending on whether
the concentration difference between the two stimuli (CS+ and
CS−) was wide or narrow. It is worth noting that the lowest
hydrocarbon concentration was the same in both concentration
ranges (0.005mg/ml); therefore the observed results cannot
be a consequence of the insects’ detection thresholds. In the
case of the wide concentration range, both for linear and
branched alkanes, differential conditioning was fully achieved,
and the results were independent of whether the rewarded (or
respectively, the punished) concentration was low or high. This
shows that ants treat two concentrations of one odorant as
qualitatively different stimuli when the concentration differential
is sufficiently high. By contrast, when conditioning involved the
narrow concentration range, successful discrimination between
the two stimuli was significantly influenced by the interaction
between CS and concentration of the CS, i.e., whether the
rewarded (or respectively the punished) concentration was the
high or low one. Specifically, when the tested concentration
range was narrow, the ants discriminated between different
concentrations only when the CS+ was the low concentration.
When the CS+ was the high concentration, the ants did not
discriminate well (i.e., they generalized between the two stimuli).
Interestingly, honeybees appear not to be able to discriminate
between different concentrations of one component of floral
odors (the monoterpenoid linalool; Pelz et al., 1997). The bees
could not solve the task “low+/high−” but they were successful
in discriminating high+/low−. Irrespective of which was the
rewarded stimulus, the bees’ response levels to the high odorant
concentration were always higher than the response levels to the
lower concentrations, indicating that honeybees process different
concentrations as differentially salient variants of one odorant
(Pelz et al., 1997). The results of the present study show exactly
the opposite trend for the narrow concentration range: the ants
solved the task low+/high− but failed to discriminate between
the two concentrations when the task was high+/low−. This
discrepancy between odor discriminating ability in ants and bees
is likely due to the nature of the odorants used in the experiments
and the context in which these odors are encountered in nature.
Hydrocarbons are constantly present on the body of ants and
act as recognition cues/signals, whereas floral odors indicate the
presence of flowers and are relevant when the bees are foraging.
Honeybees should follow a floral odor concentration gradient to
locate pollen and nectar, whereas ants (and other social insects)
may rely on “U-present” as a simple rule to evaluate both
qualitative and quantitative differences in cuticular hydrocarbon
profiles.
Under the “U-present” hypothesis, non-nestmates may be
readily detected because they bear “undesirable” cues, either
qualitatively (additional compounds, as in case of heterospecific
encounters) or quantitatively (different amounts of compounds
present on the evaluator’s profile, as in case of homospecific
encounters). In this view, the “U-present” model would help to
explain why “chemical insignificance,” i.e., the absence (or the
very low amount) of recognition cues on the cuticle (Lenoir
et al., 2001), might help social parasites to infiltrate host colonies
(d’Ettorre and Errard, 1998; Johnson et al., 2001; Lorenzi and
Bagnères, 2002; Lorenzi et al., 2004; Lambardi et al., 2007; Uboni
et al., 2012), as well as explaining why the experimental removal
(by solvent washing) of cuticular hydrocarbons significantly
decreases aggression of non-nestmates (e.g., Lorenzi et al., 1997
for social wasps; Morel et al., 1988 for ants). Cini et al. (2009)
have documented that the concentration of recognition cues
(relative proportions of hydrocarbons being equal) has a role in
eliciting aggressive behavior by resident social wasps against non-
nestmates. They found that the higher was the concentration,
the longer was the time spent by resident wasps attacking non-
nestmates. Similar results were obtained with honeybees (Cappa
et al., 2014). However, the hypothesis that higher concentrations
of hydrocarbons are perceived as undesirable cues (whereas lower
concentrations are not) should be further tested experimentally
as alternative hypotheses exist (e.g., the template-label point-by-
point matching).
The undesirable stimulus “U” may be represented by a
hydrocarbon that is present on the cuticle of the opponent but
absent on their own cuticle (qualitative difference, Guerrieri et al.,
2009; van Zweden and d’Ettorre, 2010; Bos and d’Ettorre, 2012;
Ozaki and Hefetz, 2014), or by a hydrocarbon present on the
cuticle of the opponent in higher relative proportions than on
their own cuticle (quantitative difference). A differential response
to stimuli differing in concentration is a basic and widespread
ability in organisms such as those exhibiting positive or negative
chemotaxis (asymmetric movement in response to chemicals;
e.g., in bacteria and nematodes, Wadhams and Armitage, 2004;
Rassmann et al., 2012). However, social insects exhibit more
complex outputs in response to different concentrations of
hydrocarbons, manifested as asymmetric expression of aggressive
behavior (they attack non-nestmates and tolerate nestmates)
triggered by a U-present stimulus. We hypothesize that when
concentration differences are narrow, ants might be unable
to produce asymmetric expression of aggressive behavior in
response to U-lower (or U-absent) stimuli, because social insects
usually show low aggression (or no aggression at all) when
exposed to nestmates with reduced amounts of recognition
cues (see Section Introduction, and also Cini et al., 2009). This
hypothesis would explain why we observed that ants were less
successful when the task was high+/low− (the asymmetrical
response) than when the task was low+/high−. We interpret this
as an ability to discriminate between different concentrations.
In natural conditions, when ants habituate to a relatively “high
concentration” of a given hydrocarbon as one of the properties of
their colony odor (i.e., they learn a high+/low− task), they might
tolerate non-nestmate ants bearing lower amounts of the given
hydrocarbon, all else being equal. Conversely, when ants are used
to a relatively “low concentration” of a given hydrocarbon as
their colony odor (i.e., a low+/high− task), they might attack
non-nestmate ants bearing amounts of the given hydrocarbon
higher than their own, all else being equal. In our experiment,
ants were more efficient in performing the task low+/high− (in
natural conditions, when two individuals meet, this task involves
two behavioral responses: attack or tolerance) than in performing
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the task high+/low− (involving only one behavioral response:
tolerance). Although, this interpretation supports the U-present
model applied to quantitative differences in recognition cues, it
is still a suggestion and further empirical investigations testing
specifically the nestmate recognition mechanism are needed to
confirm this hypothesis.
Finally, our results corroborate previous studies showing that
ants learn efficiently when subjected to differential conditioning
of the MaLER (Guerrieri and d’Ettorre, 2010; Perez et al., 2013),
thus allowing a fine-tuned investigation of their discrimination
ability between two odor stimuli, one appetitive (sucrose) and
the other aversive (quinine, for a discussion about the aversive
valence of quinine for ants, see Guerrieri and d’Ettorre, 2010).
We also confirmed that C. aethiops ants retained the associations
between CSs and USs for at least 1 h (Guerrieri and d’Ettorre,
2010). Indeed, the retention test performed 1 h after conditioning
revealed that the ants, in all cases (with one exception, see below),
showed a higher response to the hydrocarbon concentration
previously associated with sucrose than to the hydrocarbon
concentration associated with quinine. Further, studies are
needed to clarify how long the ants are able to remember these
learned associations, and whether long-term olfactory memories
can be formed with hydrocarbon concentrations as stimuli,
similar to what was found when using two different linear
hydrocarbons as stimuli (i.e., CS+ and CS−, Guerrieri et al.,
2011).
Taken together, the present results provide information about
the resolutionwith which ants discriminate between two different
concentrations of one hydrocarbon. Although there is mixed
evidence about whether different classes of hydrocarbons, such
as linear and branched alkanes, are equally relevant for nestmate
recognition (see Section Introduction), we observed the same
pattern of results for both hydrocarbon classes tested here (see
also Bos et al., 2012). Moreover, we did not observe large
differences in discriminating ability depending on chain length
(C22 vs. C28) or position of the methyl-branch (3-MeC27 vs. 5-
MeC27). That is, each test compound appeared to be perceived
with similar efficacy, and to elicit analogous learning and
behavioral responses. A previous study on a Camponotus species
showed that the nature of the hydrocarbon (linear or methyl-
branched) is indeed relevant for the recognition process, with
branched alkanes affecting recognition behavior more than linear
alkanes when experimentally added to the ant cuticular profile
(Guerrieri et al., 2009). Therefore, that study documented that
the molecular structure plays a role in nestmate recognition in
at least some species. The present study clearly indicates that
the stimulus represented by the hydrocarbon concentration is an
important feature in hydrocarbon perception and learning. Ants
treat two concentrations of one hydrocarbon as two qualitatively
different stimuli, at least when the concentration differential is
high (wide range), and to some extent when the differential is low
(narrow range).
Nest-mate recognition in social insects needs to be strict
enough to allow the rejection of individuals if they come from a
different colony, while at the same time flexible enough to accept
natural variations in the colony odor composition, thus avoiding
rejection of nestmates (Reeve, 1989; Downs and Ratnieks, 2000;
van Zweden and d’Ettorre, 2010). Individuals within a colony
show variations in their chemical profile depending on their
age, caste, functional role, social status, and diet (Hefetz, 2007;
d’Ettorre and Lenoir, 2010; Liebig, 2010; Esponda and Gordon,
2015), requiring further plasticity in the overall perception
and discrimination of the colony odor. The results of the
present study show that ants discriminate large differences
in hydrocarbon concentration more easily than small ones,
suggesting that they might be more likely to reject individuals
with more quantitatively dissimilar profiles than those with less
dissimilar profiles compared to their own. Further studies are
needed to test this hypothesis.
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